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ABSTRACT 
This paper presents the tat.igue and fracture behavior of H-11 
steel pressure vessels. 'lhree cylinders ot constant inside diameter, 
1.26 cm, but varying outside diameters of 1.651 cm, 2.032 cm and 
3.048 cm were internally pressure fatigued and fractured. All 
cylinders were fatigued under zero axial stress but fractured tmder 
varying axial stresses. 
Comparison between the fatigue data :for each size cylinder 
indicated that the best approximation to the effective hoop stress 
which propagated the fatigue crack was the average of the hoop stress 
at the bore and crack tip. Linear elastic fracture mechanics employ-
ing flat plate surface flaw equations provided a ratiaial analysis 
for an estimation of the fatigue life and fracture of the cylinders 
studied. Calculated ~F ( fracture toughness) values agreed favorably 
with valid KIC values for the same steel. 
of the growth equation = = C
0 
(.i K)n were 
'Ihe empirical constants 
6 -14 found to be .2 x 10 cm/ 
cycle and 2 for C and n, respectively. In addition, it was found 0 
that the application of either a compressive or tensile external 
axial stress to a pressurized cylinder increased the hoop stress and · 
fracture toughness, KIF' required for failure. 
1 
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I. INTRODUCTION 
A. Riston: or Fracture Mechanics 
casoceoztscu 
~e brittle fracture ot metallic materials has been well 
documented with the catastrophic failures of such things as naval 
ships, airplanes, bridges, storage tanks, gun barrels, etc. , The 
application of convential design procedures based on applied loading 
and yield strength of the material has proved adequate only when 
applied to relatively low strength materials with generous factors of 
safety. However, these cons ideratians have not been adequate for high 
strength, low ductility metals. In 1920 Griffith1 proposed the basic . 
concept of crack propagation on whiC?h the theory of Fracture Mechanics 
:has been built to handle more brittle materials. 
Griffith stated that a crack would begin propagating in an un-
stable fashi·on when the rate of release of elastic strain energy· 
associated with crack extension exceeded the rate of increase in 
surface energy of the crack. He hypothesised that real materials 
contain cracks or flaws whose dimensions are large compared to 
·molecular dimensions and that the largest flaw present 
the material's maximum strength. Gri1'fith applied his theory to an 
elliptical flaw of length "2a" in an infinite plate subjected to a 
stress, a , normal to the crack direction using an analysis published 
by Inglis2 for a stress concentration aro1md an elliptical hole. His 
results yielded a correct relationship between fracture stress and 
flaw size which aJ J ows one to . predict the strength of brittle materials 
.. 
with inherent detects. However, Gritti th' s theoey is hampered by the 
determination ot the correct value tor surface tension. Sur:race 
tension is an important part ot the solution since it the 
amount ot energy needed to create new crack surfaces. In 1955 Irwin3 
showed that the stress intensity approach is equivalent to Grit:r.ith 's 
ene_rgy solution. 
Irwin's approach ass11med that fracture would occur when a cri tic&l. 
stress value, which is a material property, was exceeded. Irwin 
developed the stress and straip distribution around the crack tip in 
terms of a real constant 'K', the stress intensity factor, using an 
Airy stress 1\mction developed by Westergaard. 4 Since Irwin's initial 
derivation, numerous stress intensity fields have been analyzed for 
various geometrical configurations. Paris and Sih5 have made a 
comprehensive listing of various crack tip stress fields. In addition, 
the .American Society for Testing and Materials in 1959 formed the 
E-24 committee on Fracture Testing of High ·Strength Metallic Materials 
to continue and standardize investigations into the fracture toughness 
of various materials. 
B. Fracture Toughness KIC Values 
The stress intensity factor, K, describes the stress field near 
the crack tip. It is a f'tmction of the loading and crack geometry. 
The critical stress intensity KC is a material property since it 
represents the limiting value of toughness, in the same sense that a 
material has an ultimate strength. KC is often.~re:ferred to as a 
1 
' 
's·. • 
~, .,., ·r 
',,,-, -
material's fracture toughness. It is normally subscripted to indicate 
V 
the er ck opening mode, KIC for direct opening, 1S:Ic for planar shear, 
and IIIC for anti-plane shear. 
The state of stress at the crack tip will affect the value ot 
:~c· Plane strain is a stress state in which the crack tip is in a 
region of triaxial. tension. This stress state can be the result of 
either large parts with b11Jk restraint or material. brittleness. It 
is for this stress state that 1S:c assumes it's lowest value resulting 
in a catastrophic failure. Plane stress is represented by a stress 
1:1:t.ate where the crack tip is in a region of biaxial stress. This 
state is normally related to thin parts where local yielding can occur 
resulting in a higher fracture toughness value. Since IS:c is a 
material property, it's use should be restricted to those conditions 
where the thickness is such as to insure plane strajn conditions. 
Many investigators prefer to use the term JS:F instead of KIC 
except in those cases where a valid KIC is being determined such as in 
the ASTM test E 399-70T using compact tension specimens. The term 
1S:F lilB¥ be defined as the value of the stress intensity factor at 
fracture based on the stresses and crack descriptor ( a/Q) under 
consideration. '!he use of 1S:F al.lows the determination of the stress 
intensity factor at fracture without implying that it is a valid 
IS:c value. 
c. Stress Intensitz Factors for Pressure. Vessel~ 
Pressure vessels often fail from fatigue cracks which originate 
at surface flaws on the inside bore. Due to the complexity of the 
4 
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elastic problem in pressure vessels, no solutions tor the crack tip 
stress state and surrounding stress fields are available. Various 
investigators have attempted partial theoretical. solutions and 
empirical representations ot both biaxial and triaxial loading 
6 conditions of pressure vessels with limited success. Parry et al. 
and Duffy et al. 7 have been able to fit empirical equations to the 
fracture data of pressurized thin-waJJed cylinders. 'Blese equations 
allow them to predict the failure of such cylinders with through 
t:he thickness cracks. Folias 8 bas theoretically derived the stress 
fi·elds for thin-walled pressurized vessels with through the thickness 
c-raclte. Shannon9 derived a stress :f'i.eld for a long rectangular 
notch in a pressurized thick-walled cylinder using finite element 
analysis. Underwood10 approximated the stress intensity factor for 
internally. _pressurized thick-walled cylinders by considering the 
,. 
superp9sition of two solutions: one for an elliptical crack in a 
semi-infinite plate and second, with an applied uniform external 
pressure. .As is readily seen, no one has yet to derive a completely 
theoretical solution for a semielliptical crack in a pressurized 
thick-walled cylinder. 
Since no solutions are presently available for a semielliptical 
longitudinal crack emanating from the inside bore of a cylinder, see 
figure 1, the equation derived by Irwin 11 for a semiellipti cal crack 
in a. flat plate has been used in the fracture analysis of a 
_cylinder. lO Irwin's equation was based on the elastic solution derived 
12 by Green and Sneddon. It ~ be written as 
5 
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where 
·, ........... ..-- ~-- -------. ··h·~---- -·--- ---- -- --i:--..~- .. ;,-~..-
- 1/2 ~ • ;L.1v,,. ,, (a/Q) 
to the crack 
a = flaw depth 
Q = flaw shape parameter 
(1) 
= plane strain fracture toughness (mode, I) 
The parameter Q is defined as 
Q= fl 2 - • 212 ·c-, .a./.· " ')•· 2 
... · Y!B·. 
where 
a = • 2% offset yield strength 
·-.ys. 
~ = canplete elliptical integral. of the second kind 
The parameter ~ is defined as 
1/2 
=~ 
(( 2 2) / 2) 2-.;., .a 1 - _ ·c - a c sin ·,~t1 a@ 
where 
c = flaw length 
0 = angular displacement fran the demiminor axis 
Both Q and~ have been graphed as furictions of ~/2c. and can be touncl 
in reference 9. Equation (1) is usUAlly written as 
·, 6 
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where the subscript c denotes the critical crack depth. That is, 
failure occurs when the crack size becomes great enough so that K 
from equation (1) equals the fracture toughness JS:c of the material. 
The direct application of equation (4) to the fracture of pressure 
vessels appears to be a poor approximation at best. However, several 
investigators have applied equation (4) or a slight modification there-
of to thick-waJ.led pressure vessels with surprisingly good results. 
Kaufman et al . 13 applied equation ('4) to al11mi num alloy cylinders 
which contained both internal and ~xt-ernal fatigue cracks. 'lhey 
caJ.culated average JS:F values w.hich ranged from 9 percent below to 
-:11 percent above the actual JS:c values. Their ge:neral conclusion 
was that "fracture mechanics analysis does a fair job of analyzing 
the type of fracture obtained in their cylinders." ThrOop14 applied 
· equation (4) to pressurized cylinders with internal elliptical 
cracks with a modification for the stress gradient through the wall 
and the· pressure in the crack. His conclusion was that "there is 
good agreement between the measured and calculated critical crack 
sizes for depths up to one-half the wall thickness." Tiffany and 
Masters15 also applied equation ( 4) to the prediction of interaal 
critical flaw sizes in forged steel tank vessels. The agreement 
between predicted and actual-critical flaw sizes was good. 
The application of equation (4) to thick-walled pressure vessels 
• requires The three principal stresses in an 
. . .... ~· 1 
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;: . 
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internally pressurized .cylinder wall are the hoop or tangential 
stress ( ah), the radial stress ( a r), and the longitudinal stress 
( a L). All pressurized vessels exhibit hoop and radial stresses. 
However, depending upon the end loading conditions, a longitudinal 
stress may or may not exist. For an elliptical. crack with its semi.-
major axis alo~g the lo~gitudinal direction and its semiminor axis 
propagating in the radial direction, the hoop stress is primarily 
responsible for the type mode I opening. 
-Although the hoop stres'S is primarily responsible for the mode 
:I opening, the act11al location of the hoop stress, either at the bore, 
crack tip, outside diameter, etc. , which effectively controls the 
fatigue or fracture has not been determined. 
ass11med that· the effective stress was the average of the hoop stress 
a.t the inside and outside diameters. Throop14 considered only the 
hoop stress at the crack tip which was a function of the stress 
gradient through the cylinder wall. For a thick-wa.J led cylinder, 
the hoop stress can vary widely from the inside to the outside 
diameter. It is apparent that the effective hoop stress, which pro-
pagates the fatigue crack, is a function of the stress_ gradient through 
the cylinder wall and can be extremely important. in determini~g the 
fatigue life and fracture of thick-walled cylinders. 
The· radial and longitudinal stresses are parallel to the crack 
surface. Linear elastic theory indicates that applied stresses 
parallel to the crack surfaces do not produce a stress singuJ.arity. 
In the past it has been ass11med:. that these stresses ( a r' a L) would 
. .,.·, '·' ::(· 
not affect the behavior of a material. Experimental studies by 
16 Kibler and Roberts indicate that biaxial loading on thin plates 
does affect the behavior. of a crack subjected to plane stress loading. 
Biaxial stresses increased the apparent fracture toughness by up to 
25 percent. 
The stress state, in the vicinity of the elliptical crack front, 
will contain a d.egree of triax:i ali ty due to the material constraint 
of the cylinder's thick wall. The effect of an externally applied 
axial compressive or tensile stress will be to add or subtract from 
the axial stress already present from the triaxiality of the material 
constraint. '!his external axial stress will change the degree of 
triaxiality. Its resultant effect upon the fracture toughness, if 
any, has not been investigated for a pressurized cylinder. The 
results of Kibler and Roberts16 seem to imply that some effect ~ be 
present. 
D. Objectives 
The main objectives of this investigation we.re to determine: 
l. The effective hoop stress which controls the fatigue and 
fracture of thick-walled internaJ.ly pressurized cylinders. 
:2. The applicability of a stress intensity approach employing 
flat plate surface flaw anaJ.ysis to the fatigue and fracture 
of internally pressurized thick-walled cylinders. 
3. The fatigue life of an internally pressurized thick-walled 
cylinder as a function of internal pressure employing the 
empirical relationship da/dn = C ( ak)n. 
0 
; 01) ~\, • ·' .::. 
"IY! 
4. The effect of an externally applied longitudinal. stress on 
the apparent fracture toughness of a thick-walled cylinder. 
:•:. , . 
• 
10.· 
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II. EXPERIMENTAL PROCEDURE 
A. S!!l)le ~ecifications 
The test specimens were cylindrical in shape with an inside 
diameter of 1.26 cm and outside diameters of 1.651 cm, 2.032 cm, and 
3.048 cm, with an overall length of 9.55 cm or 12.60 cm. Threads 
were machined at both ends of the cylinders , ( see Figures 2, 3 and 4). 
"The cylinders were machined from two inch diameter bar stock of 
Vascojet 1000 aJloy steel, a modified H-11. The materials nominal 
composition was .40% C, 5.00% Cr, 1.3% Mo, and .50% V. The materials 
fracture toughness, as determined on t_b:e· ~~ heat by a previous 
investigator,17 is 90.2 KN/cm3/ 2 at Re 46 and 27.8 KN/cm3/ 2 at Re 56. 
The orientation of the compact tension specimen18 with respect to 
the cylinder blank is shown in Figure 1. 
Prior to heat treating, the specimens were rough machined with 
extra material left on the outside and inside dis.meters , and both 
threads. After ·t:he heat treatment indicated below,_ the inside dia-
meters were ho~ed and the outside diameter, and threads were g,,o.und. 
The specimens were heat treated according to the following heat 
,t-reatment: 
1. Preheated at 790 d~gree C in dry a_rgon for • 5 hour. 
:2. Austenize at 1000 degree C in dry argon for 1.5 hours. 
3. Air cool to 38-66 degree C. 
4. Temper at 595 degree C in air for 2.5 hours. 
' ' 
-5. Air cool to below 93 ~gree C. 
' 
.6~. Repeat tempering process, steps 4 and 5 • . I:'! 
.,. 
11 
....... 
) 
Hardness readings were based on an average of six Rockwell 'C' 
readings taken on the outside diameter and each end of the cylinder. 
The yield strength of each specimen was estimated using the Rockwell 
hardness and the relationship of Figure 5. 
After final machining a fat.igue crack starter notch was intro-
duced by electric discharge machining (EDM) using a .0051 or .0063 cm 
thick Tantalum foil. The notch was of rectangular configuration, 
.008 cm wide, .015 cm deep, and .890 cm long, located on the inside 
bore in a longitudinal direction. Photomicrographs of the leading 
edge of the notch indicate that structural da.mage is minor provided 
that low voltage-low current are used during the EDM process-(see 
Figure 6). 
B. Fatigue Cracking 
The specimens were fatigue cracked by a pressure cycling pro-
cess due to the longitudinal orientation of the crack. Apparatus 
used :for the fatiguing is illustrated in Figures 7 and 8. The basic 
machine was an MTS System Corporation testing machine using a posi-
tive haversine wave at a frequency of two hertz. Due to the many dif-
ficulties of high pressure, seal wear, and heat generation, the 
fatigue stress was kept relatively high to reduce the total n11mber 
of cycles for a given fatigue crack depth. All specimens were fatigued 
with one end of the cylinder free floating. This resulted only in 
hoop and radial stresses being generated duri~g the fatigue process. 
No axial stresses were present. 
The 1.651 cm and 2.032 cm diameter specimens were the first 
specimens fatigued to determine the internal pressure necessary for 
12 
C ''' '\' .', ~.,, "•', '• • '.• .,,, i,fl;,, ,< ,1·,1,~•-,_'::,,,.;;,,.,:r,j,1: .... :--i.,k:,~,-,;;, 
" ,,, 
., 
a g:l ven fatigue crack depth within a reasonable n11mber of cycles. 
Reference must be made to Tables 1 and 2 for the specific fatigue 
conditions. 
The 3.048 cm diameter specimens were all fatigued under identi-
cal conditions. The load range on the pressurizing ram was 4450 to 
73,500 Newton compression-compression. This resulted in a ho~p stress 
2 ranging from 5.0 to 83.0 KN/cm • The crack growth was not monitored 
due to the location of the crack on the inside bore. The n11mber of 
cycles to grow a specific crack depth was based on limited data 
• 
supplied by a previous investigator. The pressurizing media was 
"STP OIL TREATMENT" which is available from the STP Corporation, 
125 Oa.kton St. , Des Plaines, Illinois 60018 . 
. C. Fracturing Specimens 
After fatiguing the specimens to an approximate crack depth, 
t.~ey were pressurized to failure under three different axial load 
_c?"on·di·tions. The axial loads were tension:, compression, and zero 
Specimens with zero axial load were fractured using the fatiguing 
apparatus indicated in Figures 7 and 8. Reference to these figures 
indicate that no &Xi al or longitudinal. stress will be developed due 
to the free floating end of the cylinder. The MTS machine used was 
not capable of applying a constant pressurization or strain fate to 
the cylinder-. Therefore , the load on the. ram was incrementally 
increased. No attempt was made to develop a constant rate of pressure 
increase. At failure the force on the ram was recorded from the MTS 
machine and later converted to internal pressure. 
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Specimens with a tensile or compressive axial load were frac-
tured using the apparatus of Figures 9 and 10. The hydraulic cylinder 
labeled 'one~ , a Milwaukee six inch bore cylinder, energized the 
pressurizing ram and its associated seal assembly. The pressurizing 
media was STP oil which was used for all fracture and fatiguing tests. 
The pressurizi~g rate, i.e. , the rate of movement of the ram, was 
adjustable by the flow rate to cylinder 'one' • The input pressure 
to cylinder 'one' was measured using an .American Standard pressure 
transducer, (serial #9711, 0-3000 psi), connected to a Brush Re-
corder Mark 240 four channel recorder. No attempt was made to directly 
record the internal pressure of the test specimen. 'Ihe axial stress 
was produced by the hydraulic cylinder labeled 'eight' , a Milwaukee 
twelve inch bore cylinder. The ax:i al load was recorded using a 
:strainsert single bridge 200 ,000 pound load cell, (FLU-200SG2-0201) , 
connected to the Brush recorder. The axial. l.oad was actually the 
resultant of two components; one due to the ·pressurizing ram, and 
-one due to the ·cyl-inder n11mbered 'eight' . For a tensile axial. stress , 
the loads ·of both components add, while for a compressive stress 
t:he difference between the two· components is respensible for the 
• 1.e., total axial stress. The load cell recorded the totali axial load, 
:the resultant of the two components. 
D. Analysis of Data 
Fatigue cracks and specimen dimensions were measured to the 
nearest .0025 cm using a toolmakers optical microscope; see Tables 
1 thro:ugh 4 for specimen dimensions and fatigue crack measurements. 
All caJ.culations were made on a PDP-10 computer. 
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The percentage shear at the leadi~g e_dge of the fat_igue crack 
was calculated from 
% shear= 8 ! F (100) (5) 
where S is the shear lip depth and F is the flat fJtacture depth. All 
dimensions were measured in the plane of the fatigue crack along the 
semiminor axis of the elliptical fatigue era.ck. 
Fracture toughness values were calculated from equation ( 4) as 
noted ~n Section II-C. All stress intensity factors will be con-
sidered as apparent .fracture tQughness (JS:F) values since an ASTM 
standard specimen configuration was not used. The stress • a in 
equation ( 4) will be considered as the principal tangential {hoop):· 
stress at the bore, crack tip, or O.D. , or the Von Mises stre·ss· 
which will be discussed later in the text. 
The radial and tangential stresses in the cylinder wall were 
·.calculated at the leading edge of the fatigue crack unless otherwise 
noted. Th·e radial. stress , a , was calculated from 
r 
a = r 1 - :(6:::) 
whe.re: P ·1·s the internal pressure, r 1 is the inside radius, and r 2 is 
the outside radius of the cylinder, and r is the radius corresponding 
to the leading edge of the fatigue crack. The t~gential or hoop 
stress, ah, was caJ.culated from 
~- .. , :,.,_ 
f 
" 
•• 1 + 
The axial stress, a L' was considered constant over the cross-sectional 
area of the cylinder and equal to the total a.xi al force , F, divided 
by the cross-sectional area of the cylinder. That is, for the 3.048 
em ltiameter specimens 
'The Von Mises yield criterion, or second stress invariant, 
reiates the three principal stresses by 
1/2 
2 2 2 (a -a) +(a-a) +(a-a) 
r h h L L r 
1 
O' = --
v V2 
:f.a:J 
(9) 
Von Mises stress, a v' was investigated in an attempt to relate IS:F 
to a for the three different axial load conditions as an approach V 
to predict the fracture stress. 
Crack growth data was analyzed based on the following equation 
(10) 
da 
where dn equals crack growth rate , 4 k equals the change in stress 
intensity factor per cycle and n and C are empirical constants. 0 
Equation (10) expresses the fat~gue crack_ growth data in terms of 
quantitative parameters suitable for use in design. From a k.nowle_dge 
.. -... 
,. 
.: . 
c,,. 
ot n, C , 'a' initial, and 'a! critical, and equation {10) ., it is 0 
possible to compute the nU111.ber ot cycles tor an initial defect to 
grow to critical size .• 
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III. RESULTS ABD DISCUSSION 
A. Fatiguing 
The results for fatiguing of all samples (1.651, 2.032, and 
3.048 cm O.D. are shown in tables 1 thru 5 and figures 11 and 12. 
Figure 11 plots the fatigue crack depth at fracture versus the niunber 
of cycles. The individual conditions for fatiguing are noted on the 
graph. Unless otherwise stated all samples were EDM with .0051 cm 
thick Tantalum foil to a depth of approximately • 015 cm. 
Figure 11 indicates that the depth to which the fatigue crack 
grew was dependent upon many factors • First, and most important , ·is 
the fact that cylinders ot l. 651, 2. 032 , and 3. 048 cm OD. fatigued 
under the same condition of 83KN / cm2 :stress at the bore surface , i . e. , 
inside diameter, all fell on the _same curve of' fatigue crack depth 
versus n11mber of cycles. This fact, as discussed below, gives an 
indication of the stress, t:,. a , which propagated the crack, but 
before discussing this point, figure 12 must be examined. 
Figure 12 indicates that th~ crack length grew approximately 
·as a linear function of t·h·e· <:::rack depth except for very shallow 
cracker, i.e., below approxi-mat~ly .!Oc:a.i. In addition, it indicates 
that regardless of wall thicl.tne~-s, t:he crack length grew as the 
same linear function of crack -depth for all three cylinder sizes. 
This information aids ... in the explanation of point one above. 
Since the fatigue crack grew in the same ratio of length to 
depth and at the same rate of~ for all three wall thicknesses 
... ,--
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an approximation can be made as to the stress intensity, ~ k, pro9111 
pagating the crack. The generally accepted empirical equation for 
crack growth states that 
.2,!. = C {t1k )n dn . 0 
where n and C are empirical constants. If we assume that n and C 0 0 
are constants for the material in use, then since : is the same 
:at any given a ( crack depth) for ... all three waJ 1 thicknesses , the. 
4· k's at ·the given crack ·depth: for each cylinder must also be equal.. 
The stress intensity factor· :is ·tound :w.3·ing Irwin's flat: pl*1.t·e. equation 
anq. ~k .is: found by subst:ttuting 4a for a • If the ~k's for all 
.( t;hree wall thicknesses are the same, then the 4a' s for all three must 
·be the same since -va]Q is the same .for a.11 t.hree cracks at a given 
:dept;h. The ~ is the same, because based on figure 12, it was 
a:hown ·that the crack length and depth grew in the same ratio regardless 
cs( wa.11 th:ickness which th~refore yields the .same Q va.lue. 
The hoop stress was considered to be the principal stress pro-
pagating the fatigue crack, neglecting the possible effects of the 
radial stress. However, it is difficult to determine if the hoop stress 
at the bore·, crack tip, or outside diameter, or "some combination of 
the three is propagating the crack. It is apparent that since all 
three wall thicknesses had in common the s9-~e hoop stress at the bore, 
a logical choice would be the bore, (I. D. ) , hoop stress as the 
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principal stress propagating the fatigue crack. Since the hoop 
stresses at the bore of each cylinder were equal, 4k's for a:ny given 
crack depth in each of the three cylinder walls are also equal based 
on equation (4). However, using the bore stress for different wall 
thicknesses does not take into account the stress gradient through 
-the wall of each cylinder. 
Several attempts were made to see if some combination of hoop 
stress , other than that at the bore , would yield equal ~a' s and 
therefore equal 4k's. ~ determine the hoop stress location which 
/ 
gave approximately equ values of 4a and therefore equal a k , 
several plots of 4k versus fatigue crack depth were made. Figures 13, 
14, 15, and 16 are plots with a based on the hoop stress at the bore, 
on the hoop stress at the crack tip, on the average of the I.D. and 
crack tip hoop stresses, and on the average of the I.D. and O.D. hoop 
stresses, respectively. Figure 13, as initially suggested, yielded 
equal 4k for a given crack depth. However, the magnitude of 4k 
exceeded the KIC of that expected for fracture. Figure 14 with 
based on the hoop stress at the crack tip gave approximately equal 
values of ak for the different wall thicknesses, but the magnitude 
of ~k decreased for large crack depths due to the stress gradient 
through the wall. The decrease in &k is, however, inconsistent 
with~ which increased for deep cracks. (see figures 17 and 18). 
Figure 15 with a based on the average of the I.D. and crack tip 
hoop stresses yielded approximately equal values of ~k at a given 
depth for all wall thicknesses. In addition, &k increased for 
20 
increasing crack depth. Figure 16 with u based on the average of 
the I .D. and O.D. hoop stresses gave different values of L\k at a 
given crack depth for the different wall thicknesses, which does 
not agree with the experimental data. 
Based on the above it is apparent that the hoop stress pro-
pagating the crack can only be approximated with the limited data 
available. Both the hoop stress at the bore and the average of the 
hoop stress at the bore and crack tip yield the correct relationship 
for fatigue of the given cylinders. However, based on the lower 
dk values obtained by using the average hoop stress at the bore and 
crack tip, this combination was used to calculate K1F. The lower 
dk values are in better agreement with the KIC data available for 
H-11 steel. It was assi)rned that a &k value greater than KIC would 
cause failure. However, no cylinders failed during fatigue, i.e., of 
the 3.048 cm O.D. size. Therefore, the dk values based on the average 
hoop stress at the bore and crack tip were used since their magnitude 
did not exceed Krc· The Mt values based on the hoop stress at the 
bore did exceed Krc· 
The· above discussion indicates that the best approximation to 
the effective hoop stress causing fatigue and fracture is the average 
of the hoop stress at the bore and crack tip. This choice differs 
from that of Kaurm.ant3 who used the average hoop stress at the bore 
l!l and I.D. and Throop~ who used the hoop stress at the crack tip. 
Kaufman stated the reason for his particular choice of hoop stress as 
follows: "The average of these extremes was used as a simple compromise 
for pu.rposes of fracture analyses". Application of' this author's 
21 
criteria, i.e., the average of the hoop stress at the bore and crack 
tip, to Kaufman's data produces KIF values which average 5% higher 
than Kaufman's . The difference is relatively small due to the fact 
many of Kaufman's fatigue cracks were well over half the wall thick-
ness. That is, the hoop stress at the crack tip approached the O.D. 
hoop stress. However, for Kaufman's shorter fatigue cracks, JS:F 
values calculated by this author were 10% higher than those of 
Kaufman. Throop's approach considers not only the hoop stress at the 
crack tip but a term to account for the pressure in the crack. 
Throop's term for pressure in the crack, for the size fatigue cracks 
studied here, had a minimal effect on the overall value of KIF. It 
is this author's opinion that the hoop stress at the crack tip is 
only in part responsible for the fracture of such cylinders. 
As initially indicated there were other factors that affected 
the growth of the fatigue cracks. The second factor is that the 
number of cycles necessary to grow a crack to a given depth was 
dependent on the starter notch width and depth. For cylinders of 
the same wall thickness fatigued under the same bore stress of 83 
2 KN/cm , cylinders EDM to the sa.me depth but with .0063 cm thick foil 
instead of .0051 cm foil required a larger number of cycles for a 
given fatigue crack depth. In addition, two cylinders which were 
ED~ to a depth of .0076 cm as compared to other identical cylinders 
with . 015 cm depth notches , required a larger n11mber of cycles for 
a given crack depth. Third, the n11mber of cycles for a given crack 
depth was also dependent on the internal pressure. Cylinders of the 
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same wall thickness , but with higher internal pressure , grew to 
a given depth within a shorter niunber of cycles. Due to the limited 
number of cylinders fatigued at a higher internal pressure it was 
not possible to determine the rate of growth. Fourth, an overload 
cycle, i.e., an increase internal pressure for one cycle, during the 
fatiguing of two 1.651 cm O.D. cylinders increased the n11mber of 
cycles for a given crack depth as shown in table 1 for samples 28 
and 74. An overload cycle was applied only to determine if an 
• 
inadvertent overload during the fatigue of the 3.048 cm O.D. samples 
would be harmful. Samples 28 and 74 were not used in any of the 
calculations. In addition, two samples , 25 and 72, had the fatigue 
crack covered by a polymer on the inside bore during fatigue. No 
significant change was noted in any of the data. The polymer was 
to exclude the oil from entering the crack, but due to the n11mher 
of samples tested, no conclusions could be drawn. 
The empirical constants of equation (10) were determined for 
this material by computer fitting second order equations to the 
curves labelled "83 KN/cm2 " · and "83 KN/cm2 , .0063 cm foil" of 
da figure 11. By differentiating the second order equations, an was 
obtained as a function of crack depth (a). Figure 17 shows:!: as 
a function of crack depth for both curves. There is good agreement 
da between the dn data obtained from the two different curves. It 
is interesting to note that~ increases as the crack becomes deeper 
-- da da but the slope of dn decreases. The crack growth rate dn was then 
plotted as a function of 4k as shown in figure 18. The constants 
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C and n were then determined to be 6.2 x 10-14 cm/cycle and 2.0, 0 
respectively. 
da Actual values of. d.n were determined from the scanning electron 
microscope photograph of figure 19. An approximate value of : 
from figure 19 was found to be 9.15 x 10~5 cm/cycle. The location 
of the fatigue striations in figure 19 was approximately .10 cm deep. 
This value is in good agreement with the calculated value of 10 x 10-5 
cm/cycle from figure 17 or 18. 
B. Fracturing 
The results for fracturing of all samples (1.651, 2.032, and 
3.048 cm O.D.) are shown in tables 1 through 5 and figure 20 through 
22. Figure 20 is a plot of the hoop stress at fracture based on the 
'-
average of the bore and crack tip stresses. The 1.651 cm and 2.032 
cm O.D. samples were fractured under zero axial stress as indicated. 
Figure 20 represents the fracture stress based on the stresses that 
were assumed to have propagated the fatigue crack. The fracture stress, 
which is much less than that expected for a cylinder with no cracks or 
defects present, illustrates the danger involved in any design with 
' 
brittle materials. Due to the fact that all of the 1.651 cm and 2.032 
cm O.D. samples, except for two, were fatigued until failure, the 
fatigue cracks were well over half the wall thickness. In addition, 
the samples all exhibited 100%. shear lips for the 1.651 cm O.D. and 
approximately 50%. shear lips for the 2.032 cm O.D. (see table 5 and 
figures 23 and 24) • These two facts may account for the large amount 
of scatter in the data for these size samples. 
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Apparent fracture to.ughness values were calculated using eq. (4) 
with <T represented by the ave~e,ge ot the hoop stres.a at the bore and 
crack tip at fracture. (See Figures 21 and 22.) ,1S:F values are shown 
in Figure 22. Due to the relati.ve crack depth being greater than one-
half and the amol.lllt ot shear, these KIF cannot be considered anything 
other than a rough approximation to IS:c· An average value 
3/2 based on all the 1.651 cm O.D. samples was 72.1 KN/cm • 
of KIF 
An average 
3/2 value of KIF based on all the 2.032 cm O.D. samples was 67.0 KN/cm . 
The 3. 048 cm O. D. specimens were fractured under three axial stress 
conditions as indicated in figures 20 and 21. All samples, except for 
three specimens which had short fatigue cracks (i.e. , less than .20 cm), 
exhibited approximately 10% shear lips (see table 5 and figure 25). 
The three specimens with short fatigue cracks had extensive plastic 
deformation with net section yielding and about 50% shear lips. As 
noted on figure 20, the fracture stress for specimens with a tensile 
axial stress or a compressive axial stress were both greater than the 
fracture stress of specimens with no axial stress. In addition, the 
fatigue crack in specimens with a tensile axial stress propagated 
through the entire length of the specimen at fracture. Four out of 
six cylinders with no axial stress had the fatigue crack propagate 
through the entire length of the cylinder. However, all cylinders 
with a compressive axial stress had the fatigue crack propagate, at 
fracture, only a short distance along the length of the cylinder 
before being arrested. 
C 
Apparent fracture toughness values were calculated using 
• 
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equation (4) as was done with the 1.651 and 2.032 cm O.D. samples. 
Samples 1, 5, and 18 were not used to determine KIF since these 
samples fractured only after large plastic deformation and had 
fractures with approximately 50%. shear lips. In addition, a statis-
tical analysis using the student "t" distribution indicated that the 
mean of the samples with a compressive axial stress could not be 
differentiated from the mean of the tensile axial stress samples with 
a confidence interval. of more than 70%.. Therefore, only one average 
value of KIF was calculated for both applied axial stress states. 
This average value of 1S:F for either a compressive or tensile axial 
stress state was found to be 103.5 KN/cm3/2. The average KIF value 
for the zero axial stress samples was 82.5 KN/cm3/ 2. The addition 
of an externally applied axial stress, either compressive or tensile, 
clearly produces an increase in the apparent fracture toughness for 
the specimens tested. 
Valid KIC values for H-11 steel of the same heat at Re 46 and 
Re 56 hardnesses were found by Kroupa17 to be 90KN/cm3/ 2 and 
3/2 27.8 KN/cm , respectively. This author used a linear interpolation 
of the data as a first order approximation to find the KIC value 
for material of Re 48.8. (see figure 26). The resulting value 
was 75 KN/cm3/ 2. This value compares. favorably with the calculated 
KIF of 82.5 KN/cm3/ 2 at Re 48.8 found for 3.048 cm O.D. cylinders 
under zero axial stress. It would appear that the application of 
linear elastic fracture mechanics employing flat plate surface flaw 
analysis could predict the failure of thick.-walled internally 
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pressurized cylinders if the aver_age of the hoop stress at the bore I 
and crack tip is used. 
As an engineering approximatiqn to the prediction of failure 
for any of the axial stress conditions considered, Von Mises stress 
(i.e., the second stress invariant), was compared at fracture for 
each axial stress. Von Mises stress , u , was calculated at the 
V 
fatigue crack tip using equation (9). Figure 27 compares Von Mises 
stress for all three axial stress states. Von Mises stress is 
consistent with the data in that it predicts that a cylinder under 
a compressive or tensile axial stress will sustain a higher fracture 
stress than a cylinder with no axial stress. However, Von Mises 
stress predicts that a cylinder under a compressive stress can sustain 
a higher fracture stress than a cylinder under a tensile axial stress. 
Figures 20 and 21 show that a cylin.der under a tensile stress will 
fail at a higher stress than one under a compressive axial stress. 
Although Von Mises criteria interchanges the role of the tensile 
and compressive axial stresses, if there is a difference at all, 
its prediction of increased fracture stress with an externally 
applied axial compressive or tensile stress agrees with the data for 
these specimens. 
C. Fracture Surfaces 
Figures 23, 24, and 25 show the fatigue crack surfaces and the 
catastrophic fracture surfaces of typical 1.651 cm, 2.032 cm and 
3.048 cm O.D. test specimens. Shear lips were present on the 
fracture surface near the inside and outside diameters. 
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The percentage shear decreased from 100% for the 1.651 cm O.D. samples 
to approximately 10% for the 3.048 cm O.D. samples, with the 2.032 cm 
samples exhibiting about 50% .• shear. 
Figures 19 and 28 are scanning electron microscope photographs 
of the fatigue crack surface and catastrophic surface, respectively. 
Fatigue and fracture surfaces have been described by Philips19 et al. 
for H-11 steel of 270-290 ksi ultimate strength as follows : the 
fatigue crack surface exhibits distinct fatigue striations surrollllded 
by flat rubbed appearing zones ; the catastrophic fracture surfaces 
exhibit a mixture of quasi-cleavage and dimple rupture. This 
description appears to be in good agreement with the present work. 
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IV. CONCLUSIONS 
The following conclusions can be drawn trom this investigation: 
1. The best approximation as to the effective hoop stress which 
was responsible for the fatigue and fracture of the cylinders in-
vestigated, was the average of the hoop stress at the bore and crack 
tip. This approximation was made based on a comparison of the fatigue 
crack depth versus n11mber of cycles for the three different wall 
thickness cylinders. 
2. The application of linear elastic fracture mechanics em-
ploying flat plate surface flaw eqqations provides a rational analysis 
for the estimation of the fatigue and fracture of internally pres-
surized cylinders. The average KIF value of 3.048 cm O.D. specimens 
of Re 48.8 hardness which exhibited nearly plane strain conditions, 
i.e. , less than 10% shear lips, was 82 ,5 KN/cm312 • This agrees 
, 
favorably with the value of 90.0 KN/cm312 at Re 46 hardness found by 
18 Kroupa using a compact tension specimen. 
3. The empirical constants of the growth equation : = C
0 ( .1 K)n 
-14 were found to be 6.2 x 10 cm/cycle and 2 for C and n, respectively • 
.. ·-· - . 0 
Integration of this equation yielded the number of cycles to failure 
as a f'unction of C , 'a' critical., 'a'initial and the boop stress. The 0 
calculated n11mber of cycles to failure, 'b.1sed. !en· t·his equation, was 
in good ~greement with the data. 
4. The application of either a compressive or tensile external 
axial stress to a pressurized cylinder, increased.the hoop stress 
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and fracture toughness , 1S:F required for failure. Cylinders of average 
3/2 Re 48.8 under zero axial stress had an aver.age KIF of 82.5 KB/cm as 
compared to cylinders of Re 48.5 under either a compressive or tensile 
axial stress with a 1S:F of 103.5 KN/cm3/ 2 • 
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TABLE 1 - EXPERI~TAL TEST DATA FOR 1.651 CM AND 2.032 CM ·DIAMETER SPECIMENS· 
# MAXIMUM SPECIMEN. HARDNESS FATIGUE, EDM CRITICAL FATIGUE FRACTURE 
w 
# . 11 RC 11 CYCLES DEPTH FLAW PRESSURE PRESSURE 
29 
30 
31 
76 
DEPTH . LENGTH cm (1 n • ) . cm ( 1 n • ) c~ . · ( 1 n • l _KN __ /_c_1n2 ___ (__ k_s 1 __ )_ 
.0165 (.0065) .162 (.0065) 1.016 (.400) 21.l (30.6) 
.0178 (.0070) .127 (.050) .914 (.360) 31.7 (45.9) 
.0198 (.0078) .129 (.051) .914 (.360) 31,7 (45.9) 
.0178 (.0070) .292 (,115) 1.120 (,441) 45.7 (66,3) 
KN/cm2 (ksi) 
21.l (30.6) 
31.7 (45.9) 
31 • 7 · ( 45 • 9) 
45. 7 (66 .3) 
r' 79 
47.0 
47.4 
47.0 
49.8 
48.8 
2920 
920 
870 
1980 
3720 .0157 (.0062) .330 (.130) 1.219 (.480) 36.9. (53.6) 36 .9 (53 .6) 
25* · 47. 2 
260 48.1 
28~ · 47 .9 
72*· 
730 
74A 
48.2 
49.7 
49. l 
660 .0203 (.0080) .127 (.050) .939 (.370) 31.7 
2000 .0210 (.0083) .091 (.036) .889 (.350) 21.l 
5750 .0190 (.0075) .170 (.067) .991 (.390) 21.l 
1710 .0178 (.0070) .305 (.120) 1.219 (.480) 45.7 
2000 .0190 (.0075) .076 (.030) · · .914 (.360) 36,9 
4560 .0218 (.0086) .333 (.131) 1.282 (.505) 36,9 
( 45. 9) 31 • 7 ( 45 • 9) 
(30.6) ·42.0 (60.9) 
( 30. 6 ). 21 • 1 ( 30. 6) 
(66.3) 
(53.6) 
(53.6) 
45.7 (66.3) 
98.5 (142.8) 
36.9 (53.6) 
NOTES 3. * EDM crack covered with polyme~ 
oStopped at 1nd1cated cycles and broke. 40verloaded 1.· Samples 25, 26, 28, 29, 30. and 31 -1.651 O.D. #28 - Once every 500 cycles with 9000 lbs •. 
~- Samples 72, 73, 74, 76, and 79 · - 2.032 OoD. #74 - Once every 1000 cy~les w1th 15,000 lbs, 
•, . . .. ..... . ··--' ·. , ·., ._. :··· ... 
:i. 
TABLE· 2 - -CALCULATIONS Fon 1 ~ 6:5_,t .CM .A.t."ID 2. 032 CM DIAMETER SPECIMEiis 
RELATIVE t1AX IMUr-1 
CRACK YIELD FATIGUE FRAClURE 
KIF SPECIMEN f ·DEPTH STRENGTH STRESS STRESS 
· lN/cm2 (ksi) KN/cm2 (ksi) KN/cm2 (ksi) KN/cm312, (ksi fu) 
29 · .• 850 134.5 (195) 82.3 (119.3) 82.3 (119.3) 53. (48.6} 
30 .668 136.6 · (198) 121.0 (175.4) 121.0 (175.4) 75:• (68.5) 
. 31 ,680 134.5 (195) 121 .o (175.4) 121.0 (175.4) 75. (68.6) 
w 
I\) 76 
.770 148.3 (215) · 104 .2 (151,0) 104.2 (151 ,0) 68. (62.4) 
79 · .• 870 . 142 .1 (206) 84.1 (122.0) 84. l (122.0) 57. (51.7) 
25 .668 135.2 (196) 123.4 (178.9) 123.4 (178.9) 77. (70.5) 
, 26 • 480 139.3 (202) 82,3 I (119.3) 163.9 (237.6) 96 • (87.3) . 
·28 • 891 138.0 (200) 82.3· (119.3) 82.3 (119.3) 54 • (49,4) 
72 .800 140.0 (203) 104.2 (151.0) 104.2 (151.0} 78. (71 • 3) • 
73 ~200 147.6 (214) 84~1 (122,0) 244.9 _ (355.0) 132 • (120 .1) 
. 
74 ·.875 143.5. (208). · 84.1 · (122.0) 84.1 (122.0) 64. (58.0) 
• 
TABLE 3 - EXPERIMENTAL TEST DATA FOR 3,. 048 CM DIAMETER SPECIMENS . . . . . . , 
.. 
INTER~JAL AXIAL # PRESSURE \IARONESS FATIGUE EDM CRITICAL AT AT SPECIMEN I "RC" CY.CLES DEPTH FLAW FAILURE FAILURE DEPTH LENGTI~ 
K~J/cm2 cm ( 1 J!:.l cm (in.)_ cm (; n.) {ks1) Kr~ (kl bs. ). I 
1 48.5 2500 .0190 
~.0075) .135 
~.053~ .965 ~.380) 161 .8 (234.6) 0 (0) 2 49.2 4700 .0203 .0080) 
.635 .250 1.879 .740) 63.3 { 91 • 8) o . (0) 3 49.3 .3500 .0203 
.0080~ .239 ~ .094 ~ 1 .118 • 440~ 93.3 p 35 .2~ 0 f O.) 11 49.3 5100 .0165 .0065 .361 .142 1.321 .520 73.9 l 07. 1 0 O) w 12 48.6 4600 .01.51 .0060) .292 
~-115) 1.230 .484) 89.8 ( 130. 1 ~ 0 (Ol • .0190 .0075) 
.195) l,620 .638) (99.5 w 15 48.1 5400 .495 68,6 0 (0 
4 49.0 3500 .0190 (.0075) 
.. 241 (.,095) 1,097 ( .432) 116.2 (168.4) 
-422.2 (-95) 5 48.5 4100 .0096 f.0038) .180 
~.071) l ,016 
~.400~ 140.8 (204.l~ -435.5 {-98) ·s 48.0 5000 .0203 .0080) 
.439 .• 173) 1. 511 .595 82.7 (119.9 
.-422,2 (-95) ·7 49.2 7100 .0063 (.0025) 
.724 (.285) 2.032 ( .800) 70.3 (102.0) 
-413.3 (-93) 9. 48.3 5200 .• Ql53 ( .0064) 
.409 (.1.61) 1.448 (.570) 96.6 (140.0) 
-440.0 (-99) 13 48.2 4900 .0160 (.0063) 
.356 ( • 140) l ."321 (.520) 102 .1 (147 .9) 
-422.2 (-95) ,. 20 48.4 4900 .0173 ( .0068) 
.292 (.115) 1.168 (.460) 107.4 (155.6) 
-400.0 (-90) 
8 48.5 7900 .0063 ( .0025) 
.711 (.280) 2.032 ( .800) 52,8 (76,5) +448.9 (+101) 10 49.3 5200 .. 0183 (.0072) 
.495 · ( .195) 1 • 562 ~ .615 ~ 86.2 (125.0) +400.0 (+90) 14 48. 7 5100 • 
.386 ~ .152) 1 .422 · .560 95.0 (137.7) +426.6 (+96~ ' ·16 48.0 5300 .0175 ~.0069) .556 .219) 1. 727 · ( .680 86.2 (125.0) +453.3 (+102 17 49.0 5000 .• 0145 
.0057~ .376 
~-148 1.372 .540 103.8 p5o.s) +444.4 (+100 18 48.1. ·4000 .0165 .0065 
.213 · .084 ~ 1.067 .420 140.8 204.li +417.7 i+94 . 19 ·48.5 4800 .• 0165 .0065) .305 ( ~ 120 1 .• 220 .480 144.4 (165.8 +440.0 +99 't . 
. 
TABLE 4 ·- CALCULATIONS FOR 3~048 CM DIAMETER SPE.C~S 
RELATIVS VON MISES CRACK YIELD AXIAL FRACTURE STRESS AT SPECIMEN I DEPTH STRENGTH STRESS STRESS CRACK TIP KIF 
KN/cm2 (ksi) KN/cm2 {ks i) KN/cm2 (ksi) KN/cm2 (ksi) KN/cm312 (ksi ~) 
.1 • 151 140. l {203) 0 (0) 198.6 (287.8) 233.8 (338.8) 154. (140.4) 2 .715 142. 1 (206) 0 (0) 61.l ( 88.5) 35.8 ( 51 • 9) 73. 66.8) 3 .268 142. l (206) 0 (0) 105.9 {153.5) 105.2 (152.5) 93. 84.3) 11 .406 142. l (206) 0 (0) 78.4 (113.6) 64.9 ( 94.2) 77. 70.3) 12 .329 140. l {203) 0 (0) 98.6 {142.9) 90.3 
~130.9) 93. ( 84.2) 15 .557 138. 7 (201) 0 (0) 69.1 {l 00. 1) 47.7 69.2) 76. ( 69.4) w 
{107.0) 
.,::- 4. 
.271 141.4 (205) 
-70.2 {-101.7) 131. 6 (190.7) 159. 2 (230.8) 118. 5 .203 140. l (203) 
-72.4 (-104.9) 166.4 (241.2) 206.2 
~298.9J 139. p2s. s) 6 .495 138.7 (201) 
-70.2 (-101.7) . 84.9 ( 123. l) 106.6 154.5 91 • 82.7) 7 .815 142. 1 (206) 
-68.6 f- 99.5) 66.7 ( 96.7~ 89.5 (129.7} 84·. 76.3) 9 .460 138.7 ·(201 ) 
-73.2 -106.1) 100.3 ( 145. 4 116.2 (168.4) · 106. 96.3} 13 .400 138.7 (201) 
-70.2 (-101.7) . , 08. 5 (157.3) 127. 1 (184.2) 109. 99.2 20 .329 139. 4· (·202) 
-66.6 (- 96.5) 117.9 (171 .0) 138.3 {200. 5-) 111. (100.6) . 
":-. 
8 .800 140. 1 (203) +74.9 {+108.6) 50.2 ( 72.7) 68. l ( 98.8) 62. ( 56.7) 
r· 
.. 
( 87. l) 
\, . 10 .557 142. 1 (206) +66.6 (+ 96.5) 86.7 (125.7) 74.9 (108.6) 96. •· 14 .435 140.8 (204) +71.1 
~+103.0) 99.7 (144.5) 92.5 ( 134. l ) .104. ( 94.2) ~· "16 .625 138.7 (201) +75.2 +109.0) 85. l (123.3) 73.3 (106.3} 99. ( 90.0) 
•. 
~:. 17 .422 141.4 (205) +73.8 (+107.0) 109.4 (158.5~ 100.5 (145.7~ 113. (102.4) 
< 
~ 18 .240 138. 7 (201) +69.5 ( +100 .. 8) 162.5 t235.5 170.4 !246.9 143. (130.4) 19 ~343 ·140.1- (203) +73.1 ( +106.0) 124.5 180.5) 115.3 167. 1) 120 • (109.4) • 
. 
,- .. -,~ _ .. ?·"-- --~-~--~-"'.~. -~··:·; "\-~.:- . ... ·• _---.-:- '_,_.:.> -..... _ -.-;-" ,•,..,;....c._. ... , ..... :..:..;- ,_,, 
( 
i 
' ,, 
Sample II 
25,26,28 
29,30,31 
72 
73 
74 
·. 6 7 
79 
·1 
2. 
.3 
. " . 
~-
·12: 1, 
·4. 
'5. 
"(5 
7 
,9 
·13 
. '. 20: 
-; .. 
8 
10 
14 
16 
17 
18 
19 
Sample Size 
1.651 cm 
2.032 cm 
2.032 cm 
2.032 cm 
2.032 cm 
2.032 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.0.48 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048~ cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
3.048 cm 
TABLE 5 - SHEAR LIP DATA 
Shear Lip 
Axial St·ress De]2th(S) 
(cm) 
zero 
.190 
zero 
.178 
zero .266 
zero 
.197 
zero .220 
zero 
.170 
zero .460 
zero .060 
zero .070 
zero 
.055 
zero .060 
zero 
.075 
• compression .100 
• compression .620 
• compression 
.070 
• compression 
.085 
• compression 
.090 
• compression .100 
• compression 
.090 
tension .100 
tension 
.045 
tension .045 
tension .120 
tension .060 
tension .480 
tension 
.090 
\ 
Flat 
. ,pi· 
Fracture 
DeEth(Fl Shear (cm) 
0 100 
.202 47 
.114 70 
.183 52 
.160 58 
.210 45 
.430 5.2 
.830 6.8 
.820 7.9 
.835 6.2 
.830 6.8 
.815 8.4 
.790 11.2 
.270 70 
.820 7.9 
.805 9.5 
.Boo 10 
.790 11.2 
.Boo 10 
• 790 11.2 
.845 9 
.845 5 ': ·-.· 
.770 13.5 
.830 6.7 
.410 54 
.Boo 10 
_, 
\. 
. ' 
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